Context fear conditioning involves an association between the stimuli constituting an animal's environment and an aversive event. In a typical Pavlovian procedure, the animal is placed in a conditioning chamber and given a footshock. As a result of this experience, the context elicits a variety of conditional fear responses (e.g., analgesia, elevated heart rate, and freezing) the next time the animal is placed in that environment (Antoniadis & McDonald, 1999; Fanselow, 1980; Fanselow, Landeira-Fernandez, DeCola, & Kim, 1994) .
A vast majority of fear conditioning experiments have been conducted with rats. These experiments have elucidated a number of properties unique to contextual, as opposed to discrete, conditional stimuli. For example, context conditioning is profoundly affected by hippocampal manipulations. Posttraining lesions of the dorsal hippocampus (made shortly after conditioning) produce a large and reliable retrograde amnesia for context fear (e.g., Anagnostaras, Maren, & Fanselow, 1999; Kim & Fanselow, 1992) . In addition, infusions of N-methyl-D-aspartate or acetylcholine receptor antagonists (e.g., D,L-2-2-amino-5-phosphonovalerate and scopolamine) into the hippocampus during training disrupt the acquisition of context fear (Gale, Anagnostaras, & Fanselow, 2000; Young, Bohenek, & Fanselow, 1994) . These deficits are specific to context learning, as conditioning to a discrete stimulus (e.g., tone) typically is unaffected.
Research with rats also has shown that the amount of context exposure an animal experiences prior to shock is critical for the development of context fear. Short exposures produce little or no conditional fear, a phenomenon known as the immediate shock deficit (Fanselow, 1986) . However, context conditioning increases with increasing lengths of exposure. This phenomenon has been observed with a variety of fear measures including analgesia, defecation, and freezing (Fanselow, 1990; Fanselow et al., 1994) . These findings are thought to reflect the time-dependent process of context representation. Evidence suggests that when an animal enters a new environment, it configures the available stimuli into a unified context representation (Fanselow, 1990; Rudy & O'Reilly, 1999) . Therefore, short to intermediate placement to shock intervals may preclude the formation of an adequate context representation. However, as the amount of context exposure increases, the animal can form a complete representation and associate it with the aversive event. This representation does not have to be formed during training, as exposure to the context prior to conditioning also alleviates the immediate shock deficit (Fanselow, 1990; Kieman & Westbrook, 1993) . In addition, there must be adequate time for the memory of the context to be retrieved prior to shock because preexposure only facilitates context conditioning when training involves an intermediate placement to shock interval. At short exposure intervals, even preexposed animals do not acquire context fear (Fanselow, 1990) . Thus, context conditioning only occurs if an adequate representation of the context is formed and activated by the time shock is presented.
Male and female rats acquire context fear at different rates. Maren, De Oca, and Fanselow (1994) found that males displayed more context conditioning than females after one shock presentation. However, males and females displayed comparable levels of freezing to the context after three shock presentations. Thus, it appeared that males learned to fear the context at a faster rate than females, but both sexes conditioned to the same asymptote. This effect was specific to context fear, as freezing to a discrete tone was similar for males and females after one or three trials. Maren, De Oca, and Fanselow (1994) also found a relationship between the acquisition of context fear and hippocampal long-term potentiation (LTP). Male rats exhibited higher levels of hippocampal LTP following tetanic stimulation and acquired context fear at a faster rate. These results are consistent with existing data suggesting that hippocampal LTP plays a critical role in the development of context fear (Abel et al., 1997; Kim, DeCola, LandeiraFernandez, & Fanselow, 1991; Maren, DeCola, Swain, Fanselow, & Thompson, 1994) . In addition, these results suggest that the context conditioning sex difference may be due to differential processing of contextual stimuli by males and females. If this is the case, then procedures known to facilitate processing of contextual stimuli may alleviate the sex difference. As mentioned previously, increasing the length of the placement to shock interval or preexposure to the context facilitates the acquisition of context fear. Thus, application of these procedures may reduce or eliminate the sex difference. In the current experiments, we tested these ideas with male and female mice (C57BL/6).
Mice have become a popular model for the study of Pavlovian fear conditioning. This is largely the result of technological advances that allow specific genetic manipulations to be made in these animals. These genetic changes currently are being used to probe the molecular basis of learning and memory. Context fear conditioning is a productive tool for researchers because many of its characteristics have been well characterized in the rat. Furthermore, results of manipulations in mice are in general agreement with the rat literature. For example, hippocampal lesions made after training produce retrograde amnesia for context fear in mice (Frankland, Cestari, Filipkowski, McDonald, & Silva, 1998) . Also, increasing the amount of context exposure before shock presentation facilitates context conditioning in mice (Kiyama et al., 1998) . Nonetheless, many interesting effects found in rat preparations have yet to be investigated in mice. Specifically, little is known about the effects of sex, the placement to shock interval, and context preexposure. Therefore, the present set of experiments also served to examine the effects of these variables on context conditioning in mice.
Experiment 1
The purpose of this experiment was to examine the effects of the placement to shock interval on the acquisition of context conditioning in male and female mice. Animals were placed in a conditioning chamber and received a single shock 5 s, 20 s, 40 s, 60 s, 180 s, or 720 s later. Context conditioning was assessed 24 hr later during a 5-min test. If mice acquire context fear similarly to rats, then both sexes should exhibit the immediate shock deficit at short placement to shock intervals. In addition, increasing the exposure interval should produce increasing amounts of context fear. However, these increases may not be equivalent for both sexes. If males differ from females because of the rate at which they form a context representation, then intermediate intervals may be sufficient to support context conditioning in males but not females. Longer exposure intervals should support conditioning in males and females, as there is adequate time for both sexes to form a context representation.
Method
Subjects. The subjects were 60 male (16-23 g) and 60 female (14-19 g) C57BL/6 mice (Taconic, Germantown, NY) from 40-50 days old. The mice were maintained on a 12-hr light-dark cycle (lights on 7:00 a.m.) in the Herbert L. Washington Vivarium in the Psychology Department at the University of California, Los Angeles. Mice were housed four to a cage with free access to food and tap water. All procedures were performed during the light phase of the cycle.
Apparatus and procedure. Training and testing were carried out in four identical observation chambers (28.0 X 21.0 X 10.5 cm; Lafayette Instrument, North Lafayette, IN). A video camera was positioned in front of the chambers to allow the mice's behavior to be observed and recorded by an experimenter in an adjacent room. The floor of each chamber consisted of 33 stainless steel rods (2 mm diameter) spaced 6 mm apart (center to center). The rods were wired to a shock generator and scrambler (MED Associates, Lafayette, IN) for the delivery of footshock. The chambers were cleaned with a 1% acetic acid solution, and pans containing a thin film of the same solution were placed underneath the grid floors. Background noise (60 dB, A-scale) was supplied by a fan positioned underneath the video camera.
Equal numbers of male and female mice were randomly assigned to one of six groups (n = 20). Each group received a single shock following a specified placement to shock interval (5 s, 20 s, 40 s, 60 s, 180 s, or 720 s). On the conditioning day, mice were brought from the vivarium into a holding room and allowed to sit undisturbed for 10 min. Then the mice were placed into the conditioning chambers. Footshock (0.75 mA, 2 s) was delivered after the specified placement to shock interval had elapsed. The mice were removed from the conditioning chambers 30 s after shock presentation and returned to their home cages. The next day, the mice were returned to the context for a 5-min test. Freezing behavior, a defensive posture defined as the absence of motion except that necessitated by breathing, was assessed during the test using a time sampling procedure. Each mouse was scored for freezing every 8 s, yielding a total of 40 observations for each subject during the context test. All scores were transformed into a percentage of freezing score by dividing the number of freezing observations by the total number of observations made during the test.
Computerized scoring of shock reactivity (i.e., activity burst) also was conducted. Velocity of movement was measured because it has proven to be the most sensitive index of shock reactivity (Godsil, Spooner, Anagnostaras, Gale, & Fanselow, 1997) . This measure ensured that any alterations in learning produced by our manipulations were not caused by altered reactivity to shock. the placement to shock interval, F(20, 432) = 1.23, p > .05. Thus, all groups showed a consistent decrease in freezing across the 5-min test session. Inspection of the data indicated that freezing had extinguished for all groups by the 3rd test min. This pattern of freezing is generally observed when a single, mild shock is used with mice of this age and strain (Wiltgen & Fanselow, 2000) . For this reason, we decided to focus further analyses on only the first 3 min of the context test. An ANOVA found a significant main effect of sex on context conditioning as males froze more than females, F(l, 108) = 6.53, p < .05. Statistical analyses also revealed a significant main effect of the placement to shock interval, F(5, 108) = 7.61, p< .0001. As illustrated in Figure 2 , freezing increased as a function of the duration of the placement to shock interval. The least amount of freezing was seen at the short placement to shock intervals, whereas longer intervals produced significantly more freezing.
Results and Discussion
The Placement to Shock Interval X Sex interaction was found to be nonsignificant, F(5, 108) = 1.78, p > .05. A set of planned comparisons (Fisher's protected least significant difference, or PLSD, p < .05) was conducted to determine if male-female differences existed at particular placement to shock intervals. These comparisons revealed significant sex differences at the intermediate placement to shock intervals (20 s, 40 s, and 60 s) and nonsignificant differences at the shortest (5 s) and longest (180 s and 720 s) intervals. This suggests that increasing the placement to shock interval produces distinct effects on context conditioning in males and females. Figure 3 displays the unconditional reaction to shock (activity burst) for males and females at each placement to shock interval. A univariate ANOVA revealed a significant interaction between sex and the placement to shock interval, F(5, 108) = 2.39, p < .05. Follow-up tests (Fisher's PLSD, p < .05) found a significant sex difference only at the 180-s placement to shock interval, where females showed larger activity bursts than males. The activity bursts of males and females did not differ at any of the other placement to shock intervals. Thus, the sex differences in shock reactivity did not relate to the sex differences in freezing.
Further analyses of shock reactivity revealed a significant effect of the placement to shock interval for males, F(5, 54) = 2.89, p < .05, but not females, F(5, 54) = 2.17, p > .05. Follow-up tests (Fisher's PLSD, p < .05) found that males at the 5-s and 720-s placement to shock intervals had significantly larger activity bursts than males at the 20-s, 40-s, and 180-s intervals. No differences were found between males at any of the other placement to shock intervals. Thus, the differences in freezing seen across placement to shock intervals cannot be explained by differences in reactivity to shock. Currently, we do not have an explanation for the increased activity bursts seen at the longest and shortest placement to shock intervals in males.
It is possible that the sex differences in freezing seen at the intermediate placement to shock intervals were the result of distinct exploratory behaviors. During training, males may have explored the environment more quickly than females, allowing for the rapid formation of a context representation. Perhaps longer placement to shock intervals alleviated the sex difference by giving females adequate time to explore the environment. To test this idea, we measured the number of crossovers an animal made before shock was presented at the 20-s placement to shock interval. This interval was chosen because it produced the largest malefemale difference. A crossover was scored whenever the mouse crossed from one half of the chamber to the other with all four paws. The data (not shown) were analyzed using a univariate ANOVA. This test revealed no significant difference in the number of crossovers made by males and females prior to shock presentation, F(l, 18) = 0.949, p > .05.
These results illustrate that increasing the placement to shock interval produces corresponding increases in conditional freezing to the context in mice. In addition, males develop more context fear than females, but only at intermediate placement to shock intervals. These effects cannot be explained by differences in shock reactivity or exploratory behavior. Thus, the effects of sex and the placement to shock interval appear to be similar in rats and mice. Importantly, the novel finding is that increasing the length of the placement to shock interval eliminated the sex difference. This suggests that males and females differ in the rate at which they form a representation of the context. This hypothesis was examined further in Experiment 2.
Experiment 2
The sex difference found in Experiment 1 may have resulted from the incomplete formation of a context representation in females. If this is the case, then preexposure to the context should enhance conditioning in females and alleviate the sex difference. To test this idea, half of the mice were preexposed to the context 24 hr before being trained with an intermediate placement to shock interval (20 s). This interval was chosen because it produced a reliable sex difference in Experiment 1. In rats, preexposure facilitates context conditioning at intermediate placement to shock intervals (Fanselow, 1990; Kiernan & Westbrook, 1993) . Thus, Experiment 2 also allowed us to determine if this effect generalizes to mice.
Method
Subjects. The subjects were 20 male (16-25 g) and 20 female (14-20 g) C57BL/6 mice (Taconic, Germantown, NY) from 40-50 days old. These mice were housed in a manner identical to the mice used in Experiment 1.
Apparatus and procedure. The apparatus was identical to that described in Experiment 1. The day before conditioning, half of the male (n = 10) and female (n = 10) mice were preexposed to the training context for 10 min. The remaining mice were placed in holding chambers, distinct from the training context, during this time. At 24 hr later, the mice were trained using a 20-s placement to shock interval. Animals were placed in the training context and received a single shock (0.75 mA, 2 s) 20 s later. Exactly 30 s after the shock, the mice were removed and returned to their home cages. The following day, the mice were placed back in the context Placement to Shock Interval (sec) Figure 3 . Mean (± SEM) reactivity to footshock as a function of the placement to shock interval and sex. Velocity was determined by dividing the distance the mouse traveled during shock by 2 s (footshock duration). An asterisk indicates a significant difference (p < .05) between male and female mice.
Non-preexposed Pre-exposed for a 5-min test. Freezing behavior, as described in Experiment 1, was scored during this time.
Results and Discussion
Figure 4 displays the percentage of freezing during the context test for non-preexposed and preexposed males and females. Preexposure to the context increased the amount of freezing seen during the test. This was confirmed statistically (2X2 ANOVA) as there was a significant effect of preexposure, F(l, 36) = 4.98, p < .05. Statistical analyses also found that, overall, males froze more than females. This was evidenced by a significant effect of sex, F(l, 36) = 6.02, p < .05, on context conditioning. The Preexposure X Sex interaction did not reach statistical significance, F(l, 36) = 1.38, p > .05. However, consistent with Experiment 1, planned comparisons (Fisher's PLSD, p < .05) found that non-preexposed males froze significantly more than non-preexposed females. In contrast, the freezing difference between preexposed males and females did not reach statistical significance. Thus, preexposure alleviated the sex difference usually seen at this placement to shock interval. This is illustrated clearly in Figure 5 , which shows freezing over the course of the 5-min test for preexposed and non-preexposed males and females.
These results suggest that the total amount of context exposure before shock, either during or before the training session, is a critical factor in determining the amount of context conditioning. This is consistent with the idea that context conditioning is dependent on the formation and activation of an adequate context representation. Presumably, this representation can be formed at any time, as long as it is available for association with shock during training.
General Discussion
In Experiment 1, manipulation of the placement to shock interval produced a reliable change in the amount of context conditioning for both males and females. Freezing levels increased in an orderly manner with the amount of context exposure before shock. This finding is consistent with previous data collected with rats and replicates more recent results found in mice (Fanselow, 1986; Kiyama et al., 1998) .
The reduced freezing seen at the earliest placement to shock intervals is known as the immediate shock deficit. One interpretation of this effect is that it reflects an animal's inability to form a sufficient context representation by the time shock is delivered (Fanselow, 1990) . As the amount of context exposure increases, an adequate representation presumably can be formed and associated with the aversive event. Consequently, when the animal next encounters the context during the test, its memory of shock is activated, and conditional freezing is observed.
Recently, proponents of scalar expectancy theory (SET; Gallistel & Gibbon, 2000) offered an alternative explanation of the immediate shock deficit. They argued that the immediate shock deficit is the result of two separate phenomena. First, conditional freezing is assumed to be distributed about the expected time of shock presentation. This is accomplished by comparing a memory of the interval that elapsed before shock on the conditioning day with the elapsing interval experienced during the test. When the ratio of these two intervals reaches a specific criterion, the animal responds in anticipation of the shock. Maximum responding is assumed to occur when this ratio is equal to one. Second, SET assumes that the difference required to discriminate between two Non-preexposed * Pre-exposed subjective time intervals is a fixed fraction of their magnitude. That is, the animal's ability to discriminate between time intervals decreases as they become longer. This assumption predicts that narrow response distributions should be seen after training with short placement to shock intervals, and broader distributions should be seen after using longer placement to shock intervals. Taken together, these assumptions predict that animals receiving an immediate shock during training will freeze during the test, but only briefly, around the expected time of shock (i.e., very early in the test). Animals receiving shock after longer exposure intervals should distribute their responding later in the test, around the expected time of shock, and this response distribution should be broader. These differences are assumed by SET to produce the small amount of freezing seen after an immediate shock and the increased amount of freezing seen after longer placement to shock intervals (Gallistel & Gibbon, 2000) .
The results provided in Experiment 1 are inconsistent with one of the basic assumptions of SET. Figure 1 illustrates that the greatest amount of freezing occurred during the 1st min of the test for all groups. Although the resolution provided is not adequate to compare peak freezing for groups trained with short or intermediate exposure intervals (< 60 s), it is clear that peak freezing in the 180-s and 720-s groups occurred during the 1st min. This is inconsistent with the prediction made by SET that conditional freezing is distributed around the expected time of unconditioned stimulus (US) presentation. In addition, these results are consistent with the empirical data reported by Bevins and Ayres (1995) , where peak freezing did not correspond to the expected time of shock presentation. It should be noted that Bevins and Ayres did observe broader freezing distributions with longer placement to shock intervals (as predicted by SET). However, peak freezing never corresponded to the expected time of US presentation. In the current study, all mice froze the most during the 1st min of their exposure to the context, and longer placement to shock intervals simply increased the levels of freezing. Thus, group differences were not caused by shifted freezing distributions corresponding to the expected time of shock presentation. Although inconsistent with SET, these results are easily explained using current associative models of classical conditioning in conjunction with a configural theory of context representation.
According to the Rescorla-Wagner model (Rescorla & Wagner, 1972) , animals receiving the same US should condition to the same asymptotic levels of responding. In addition, the rate at which they approach this asymptote is determined by the salience of the conditioned stimulus (CS). The model predicts that more salient CSs will produce more rapid conditioning than less salient CSs. Thus, a more salient CS should have a stronger association with the US and elicit more conditional responding than a less salient CS after a single trial. If we assume that increasing the amount of context exposure before shock increases the salience of the context, then shorter placement to shock intervals should produce less conditioning than longer intervals. As the salience of a CS is often thought to reflect the amount of attention or processing the animal dedicates to that stimulus, this result is perfectly consistent with a configural theory of context representation. Contextual stimuli are complex and require a certain amount of time to be processed in a coherent fashion (Fanselow, 2000) . Until this point is reached, the context is not a particularly salient stimulus and will support little conditioning.
The results from Experiment 1 also suggest that there is a sex difference in the rate at which the context is processed. Males developed significantly more conditional responding than females did after intermediate context exposure intervals. However, males and females exhibited comparable levels of context fear after longer exposure intervals. These results suggest that males form a representation of the context more quickly than females do, resulting in more freezing at the intermediate placement to shock intervals. Females are able to form an adequate context representation and exhibit similar levels of conditional fear as time increases between placement in the context and shock.
In Experiment 2, preexposure to the context facilitated the acquisition of context conditioning in female mice at an intermediate placement to shock interval. This is consistent with previous data collected with rats (Fanselow, 1990; Kiernan & Westbrook, 1993) . These results suggest that mice are able to form a context representation during the preexposure period that is available for association with shock during the conditioning period. This implies that preexposure should facilitate context conditioning only in situations where an adequate context representation has not yet been formed. Data from Experiment 1 suggest that males have formed a relatively coherent context representation after intermediate exposure intervals whereas females have not. Accordingly, in Experiment 2, preexposure only produced significant context conditioning increases for females. Preexposure appears to have alleviated the sex difference by allowing females to form a sufficient context representation before conditioning. Males are affected less by preexposure because they presumably are able to form an adequate context representation during the training session.
Context conditioning is often considered a form of spatial learning. Many studies on spatial learning have found that males exhibit elevated performance compared with that of females (Barrett & Ray, 1970; Davenport, Hagquist, & Rankin, 1970; Einon, 1980) . However, these results have been difficult to interpret because of confounding factors such as parameter specificity and sex differences in general activity levels (Joseph, Hess, & Birecree, 1978; Perrot-Sinal, Kostenuik, Ossenkopp, & Kavaliers, 1996; Roof & Stein, 1999) . In addition, it was recently pointed out that spatial differences are found only with young animals and may reflect differences in the development of specific brain structures such as the hippocampus (Bucci, Chiba, & Gallagher, 1995) . The current study is consistent with this literature in that sex differences were found to be parameter specific (limited to specific placement to shock intervals) and were obtained with young animals. Future studies will determine if the current results are limited to younger animals or reflect more general differences in processing contextual stimuli by males and females that may extend into adulthood.
In sum, the acquisition of context conditioning in rats and mice is affected in similar ways by sex, the placement to shock interval, and preexposure. These data serve as further examples that the properties of fear conditioning are similar in these animals. In addition, the training procedure used in the current experiment provides an extremely sensitive tool for assessing the acquisition of context conditioning. By simply manipulating the placement to shock interval, we were able to find differences in context fear after a single trial. This has implications for studies of context conditioning that involve neural or genetic manipulations or both prior to training. These manipulations may produce differences in the acquisition of context fear that cannot be detected using standard procedures (i.e., a long placement to shock interval and multiple trials). However, differences may be uncovered simply by manipulating the placement to shock interval during a single trial. Currently, we are examining the effects of neurochemicalneuroanatomical, genetic, and behavioral manipulations on context conditioning using this procedure.
